ABSTRACT
INTRODUCTION
Myocardial performance index (MPI) is a Doppler ultrasound measure of global myocardial function, defined as the ratio of cardiac isovolumetric to ejection time intervals: MPI = (isovolumetric contraction time (ICT) + isovolumetric relaxation time (IRT))/ejection time (ET) 1 . Myocardial dysfunction results in increased MPI values, predominantly owing to prolonged IRT 2 . Measurement of MPI has been used to identify cardiac dysfunction in the context of several fetal pathologies, including intrauterine growth restriction 3 , twin-twin transfusion syndrome and cholestasis 4 . However, translation to the clinical setting has been limited by poor reproducibility and differing ranges for normal MPI reported between research groups 5 . Optimized machine settings have improved measurement consistency, although the inherent manual subjectivity in caliper placement is another contributory factor [6] [7] [8] .
We recently introduced a fully automated system for calculating fetal left MPI, demonstrating superior repeatability and reproducibility (intraclass correlation coefficient (ICC) of 1.0) compared with a manual methodology, eliminating entirely the subjectivity of manual measurement for any individual waveform 9, 10 . With the reproducibility and repeatability of automated MPI calculation thus confirmed, the automated MPI system provides an ideal platform with which to assess the stability of the fetal left MPI. The aims of this study were to assess MPI variation Copyright O R I G I N A L P A P E R between cardiac cycles and explore the relationship of any such MPI variation with fetal heart rate (FHR).
METHODS
In this prospective cross-sectional study, women with an uncomplicated, morphologically normal, singleton pregnancy at 20-38 weeks' gestation were recruited to undergo Doppler ultrasound examination. Cases with known maternal or fetal complications of pregnancy were excluded. The study was approved by the local ethics committee (SESIAHS HREC Ref 13/320). Ultrasound machine settings were those reported previously by our group 8, 11, 12 . All images were obtained by experienced MPI research practitioners using a Voluson E8 Expert ultrasound machine (GE Medical Systems, Zipf, Austria). The Doppler sample gate was placed just adjacent to the lateral wall of the fetal ascending aorta, close to the 
Statistical analysis
Results were analyzed using Stata version 12.0 (StataCorp, College Station, TX, USA). The mean ± SD of MPI and FHR were calculated for each patient, and the coefficient of variation (CoV) was used as a measure of variability in these values for each patient. The standard error of the mean (SEM) was calculated for each fetus using the SD and number of cardiac cycles (range, 1-10) used for calculating these statistics. The relative standard error (RSE) of the mean was then calculated for each fetus by expressing SEM as a percentage of the mean value, which allows evaluation of the magnitude of SEM relative to the value itself. The overall median and mean RSEs were calculated by pooling RSE data from all fetuses. RSE is an acknowledged mathematical technique used to calculate how many values would need to be averaged in order to create a value that reflects the true overall mean with an acceptable percentage error 13 . We empirically chose approximately 5% as a clinically optimal upper limit for MPI variation from the mean. To determine the number of cardiac cycles that would be needed to give an average value in order to produce a 5% variation in MPI, two cardiac cycles were averaged and the number of cycles was increased until the percentage variation was consistently below the 5% threshold. In this way, the number of cycles that would give < 5% variation in MPI for at least 95% of cases could be ascertained. The correlation between MPI and FHR was assessed by scatterplots, with and without linear prediction, using a statistical significance level of α = 0.05. 100  150  200  100  150  200  100  150  200  100  150  200  100  150  200  100  150  200   100  150  200  100  150  200  100  150  200  100  150  200  100  150  200  100 
RESULTS
Doppler ultrasound data from 29 fetuses (2306 cardiac cycles) were analyzed. Forty-three cardiac cycles had a FHR > 175 beats per min (bpm) calculated by the automated system and were excluded from further analysis under the assumption that the pathologically high FHRs were artifactual. The remaining 2263 (98.1%) cardiac cycles with FHR within the normal limits were pooled for analysis. The mean MPI ± SD was 0.52 ± 0.08 (range, 0.34-0.83), mean FHR was 150 ± 10.01 (range, 112-174) bpm and the median number of cardiac cycles examined per fetus was 70 (interquartile range, 31-115).
Six fetuses with fewer than 30 cardiac cycles were excluded. In the 23 remaining cases, normality of the data was confirmed before evaluation of beat-to-beat (BTB) MPI variability. Median CoV was 10.0% (range, 5.5-13.9%). Table 1 demonstrates the effect of using SEM on this dataset to reduce MPI percentage variation. In order for the percentage variation to be < 5% in at least 95% of cases, five consecutive cardiac cycles needed to be averaged. Averaging four cardiac cycles provided a very similar percentage variation of < 5.14% for at least 95% of cases. BTB-MPI variability for the constituent intervals ICT, ET and IRT was also evaluated ( Table 2 ). The correlation between FHR and MPI was significant but weak for the pooled data from all 29 fetuses (r = 0.22, P < 0.05; Figure 1 ). The overall positive correlation between FHR and MPI in the pooled data did not reflect the correlation between FHR and MPI for each individual fetus. The correlation of FHR and MPI for any given fetus, although statistically significant (P < 0.05), was in fact inconsistent in both direction and magnitude, ranging from moderately negative (r = −0.588) to strongly positive (r = 0.682) (Figure 2 ). There was no correlation between FHR and BTB-MPI variation as a percentage of the mean MPI (r = 0.031; P = 0.146), with a percentage change of 2.32% and 6.24% for MPI and FHR, respectively. 
DISCUSSION
Introduction of an automated system for calculating fetal MPI (ICC, 1.0) allows, for the first time, demonstration of BTB variability in fetal left MPI by removing the probable confounding effect and subjectivity of manual calculation. BTB variability demonstrated in this study may be confined to the MPI or may be indicative of more general physiological variation in fetal Doppler velocimetry. A number of studies assessing repeatability and reproducibility of various Doppler flow measurements have also reported physiological changes during examinations as possible contributors to measurement variation 14, 15 . This potential for variability is an important consideration for clinicians when deciding whether to use a single measurement or to take the average of multiple measurements when assessing any given Doppler flow parameter. When determining the number of cycles needed to be averaged to reduce MPI variability, in the absence of universally accepted guidelines a variability of 5% was proposed using clinical judgment in combination with the findings of previous studies in this area. Acharya et al. 16 assessed measurements of commonly used umbilical artery Doppler indices and described a CoV of between 6.8% and 13% as being acceptable. Most ultrasound machines in clinical and fetal medicine research average a number of waveforms by autotrace measurement in order to calculate Doppler indices. Selecting approximately ± 5% variability in MPI as being optimal and using normally distributed data, we have shown that averaging the measurements from four to five cardiac cycles results in MPI variability under this threshold for at least 95% of cases. Considering that a single screenshot using optimal MPI acquisition settings will usually contain only three (maximum four) cardiac cycles, achieving a five-cardiac-cycle threshold requires a cineloop to be saved and analyzed, which may be less convenient. However, as shown in Table 1 , the trade-off for single screenshot/three-cardiac-cycle analysis is a somewhat higher variation in MPI (median, 5.8%).
The BTB variation demonstrated in this study is further evidence of physiological variation that should be taken into consideration when creating acceptability thresholds for measurement repeatability by human observers using emerging techniques in obstetric ultrasound. ICCs are a commonly used measure of ultrasound repeatability/reliability, and it has been suggested previously that minimum ICC cut-offs of 0.90 or 0.95 be met for a technique to be considered for use in clinical practice 17 . In contrast, in a recent study 18 , the interobserver and intraobserver reproducibility for uterine artery pulsatility index would be classified as 'poor' and 'moderate', respectively, if these cut-offs were applied. Were this an experimental index, rather than a parameter that is well established for its usefulness, such classification may have caused its use to be less widespread. In acknowledgment of the physiological BTB variation that we have demonstrated here, less stringent requirements for reliability in this, and other Doppler indices, are advisable.
In our study, the degree of MPI variation between cardiac cycles was calculated and plotted against time (Figure 3) . Figure 3a shows MPI plotted against consecutive measurement time indices and Figure 3b shows MPI plotted against time in seconds (omitting 'missed' cycles). When compared with a typical cardiotocography trace, the similarities are apparent (Figure 3d ). We therefore questioned whether there was a relationship between MPI and FHR. This study found a weak significant correlation between FHR and absolute MPI value overall, but no significant correlation between FHR and MPI variability, suggesting an alternative mechanism for MPI variation, with a broad range that reduces its clinical utility. In a previous animal study, MPI was found to be strongly load dependent 19 , and changes to the preload or afterload may contribute to MPI variability, in conjunction with other heart-rate independent contributors. We found that BTB-MPI variation in constituent time intervals was much greater for isovolumetric time intervals than for ET. Given that the majority of pathological studies have reported increased MPI values in pathological cases secondary to ICT/IRT changes, there is notable commonality between physiological and pathophysiological variation.
It is well known that FHR acceleration in response to fetal movement and BTB-FHR variability are mediated by the autonomic nervous system, with loss of these characteristics considered pathological 20 . Therefore, we postulate that an abnormal degree, or indeed a loss, of BTB variability in MPI could be another marker for the evaluation of fetal wellbeing, in addition to absolute MPI. Given the ability of the automated MPI system to capture and present this BTB variability (Figure 3 ), exploring this aspect of MPI is now feasible and we plan to do so in pathological studies.
Since the first fetal application of MPI in 1999 by Tsutsumi et al. 21 , a number of groups have worked to standardize and optimize its measurement 22 , including the use of valve-click peaks 8 , optimizing machine settings 6 and full automation of the MPI measurement 9, 10 . We postulate that the BTB-MPI variability revealed by our automated and repeatable (ICC, 1.0) system may be an additional factor contributing to the differences in left MPI reference ranges between research groups 22, 23 . Our study used fetal ultrasound examinations performed between 20 and 38 weeks' gestation. However, there were insufficient patient numbers to substratify variability data by gestational week, which is a study limitation. Nonetheless, considerable variability was noted across all patients, with no indication that there was any variation with gestational age.
A major strength of this study was the use of an automated system for the calculation of MPI, which generates confidence that the observed MPI fluctuations are probably reflective of true MPI-BTB variability rather than an artifact from confounders related to manual calculation. Another strength of this study was the use of a large number of cineloops and cardiac cycles per fetus, which provided the additional insight that the BTB variability noted is not a transient phenomenon.
We suggest that incorporation of knowledge of BTB variability, with necessary averaging of cardiac cycles, be combined with the use of automated fetal left MPI measurement. These factors may help in generating a universal range for fetal left MPI, allowing more complete assessment of its utility in fetal cardiac evaluation. In addition, we propose that the degree of BTB variability be explored further throughout gestation and also in pathological pregnancies. We propose that attempts should be made to automate and average other novel fetal Doppler measurements in order to improve repeatability and consistency between research groups.
